Introduction {#sec1}
============

Thermoelectric materials are currently attracting much attention due to their potential for the conversion of thermal energy such as waste heat to electrical power, as well as their application in solid-state cooling systems.^[@ref1]−[@ref4]^ Although they are commercially produced on a small scale, the energy conversion efficiency of available materials is still too low to be cost-effective for widespread applications. Thermoelectric performance is usually quantified by the so-called figure of merit ZT = *S*^2^*σT*/κ and is maximized for a high Seebeck coefficient (*S*) and electrical conductivity (σ) and low thermal conductivity (κ). Chalcogenide materials are among the best thermoelectrics for operation up to ∼600 °C. In particular, despite the scarcity and relatively high cost of tellurium, materials based on GeTe have attracted much interest due to their good performance and chemical/mechanical stability in the 200--500 °C range, leading to high device reliability in heat harvesting applications. GeTe is a narrow band p-type semiconductor due to vacancies on the Ge-substructure, each of which generates two holes.^[@ref5]^ It exhibits a high thermoelectric power factor *S*^2^σ, and the vacancies can also scatter phonons, reducing the lattice thermal conductivity.^[@ref6],[@ref7]^ Moreover, GeTe and related materials are naturally nanostructured as a consequence of their crystal symmetry, spontaneously adopting a complex herringbone-like domain structure with domain width of a few hundred nanometers,^[@ref8]−[@ref10]^ which provides an additional phonon scattering mechanism.

Here we revisit a well-known thermoelectric material with composition (GeTe)~*x*~(AgSbTe~2~)~100--*x*~, which is commonly referred to as TAGS-*x*. Compositions in the range 75 ≤ *x* ≤ 90 exhibit much lower phononic thermal conductivity than the parent compound GeTe while maintaining high power factors due to a similar electronic structure with a highly degenerate Fermi surface.^[@ref11]^ TAGS-80 and TAGS-85 are of the most interest, and ZT values of up to 1.75 at 500 °C have been reported for TAGS-80.^[@ref12]^ However, TAGS-85 is mechanically more stable^[@ref13]^ and hence more suitable for applications despite its lower ZT of ∼1.2--1.4 at the same temperature.^[@ref12]^ Recently, the ZT value of TAGS-85 has been improved to the 1.5--1.6 range by doping with Ce or Dy,^[@ref14],[@ref15]^ by intentionally introducing a high concentration of cation vacancies,^[@ref16]^ or by artificial nanostructuring.^[@ref17]^ The first two approaches increase the power factor whereas the latter decreases κ without degrading the power factor because the carrier mean-free path is on the order of only 10 Å.

Nevertheless, when reviewing the literature it is noticeable that the measured thermoelectric properties of TAGS-85 (*S*, σ, and κ) vary significantly among different reports ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Table S1). Although differing measurement procedures and equipment can certainly contribute to this variability, it is worth considering whether exactly the same material has been studied in each case. Synthesis conditions vary among reports, ranging from direct quenching from the melt,^[@ref14],[@ref15]^ holding at an intermediate temperature on initial cooling,^[@ref18],[@ref19]^ subsequent annealing after cooling to room temperature,^[@ref13]^ or additional grinding and hot-pressing steps.^[@ref12],[@ref17],[@ref20]^ Furthermore, recent papers have not closely examined the crystal structure of TAGS-85, the sample homogeneity in terms of structure, or the possible dependence of these aspects on synthesis conditions, because there is generally assumed to be a well-characterized, smooth transition between the R- and C-phases taking place at a temperature between 150 and 300 °C depending on the study.^[@ref12],[@ref18],[@ref19]^ However, in some cases where X-ray diffraction data are presented, close inspection reveals irregular or asymmetric peak shapes suggesting inhomogeneous samples,^[@ref12],[@ref14],[@ref15],[@ref21]^ or weak extra reflections implying the presence of impurity phases.^[@ref20]^

Since it can be expected that the thermoelectric properties of TAGS-85 sensitively depend on details of the crystal structure, it is of interest to examine more closely the influence of the chemical synthesis procedure, as well as how the structural and thermoelectric properties evolve with repeated thermal cycling over the operating temperature range.

Here we show that careful control of the synthesis conditions is necessary to obtain single-phase rhombohedral samples at room temperature. Such samples exhibit a record high thermoelectric power factor for undoped TAGS-85, a performance that is robust with respect to thermal cycling up to 500 °C. Furthermore, we show that the rhombohedral phase is not directly transformed to the cubic phase on heating as previously assumed, but rather it coexists with both an intermediate trigonal structure containing ordered cation vacancy layers and with micron-sized precipitates of argyrodite-type Ag~8~GeTe~6~ that redissolve in the TAGS-85 matrix when the cubic phase is reached above 380 °C.

Experimental Section {#sec2}
====================

Stoichiometric amounts of the elements Ge, Te, Ag, and Sb (purity 99.99%) were weighed and mixed together using a mortar and pestle. The mixture was placed in a quartz ampule, which was evacuated to 10^--2^--10^--3^ Torr (1.33--0.133 Pa) and sealed. The sealed ampule was placed horizontally in a tubular furnace and heated to 850 °C for 1 h, at which temperature the mixture is molten, and the ampule was rocked and rotated every 10 min in order to ensure good homogeneity. The melt was then cooled down to 600 °C over 4 h and annealed for various lengths of time at constant temperature before quenching to room temperature in water. Solidified shiny ingots were obtained with an approximately rectangular shape and dimensions that varied within the range 15--20 mm × 12--14 mm × 3--4 mm. The ingots were sliced to appropriate dimensions using a diamond wire saw and then polished to obtain samples with flat surfaces and uniform thickness for high-temperature thermoelectric measurements.

High-temperature X-ray powder diffraction (XRD) patterns were recorded on crushed ingots using a Bruker D8 diffractometer operating in Bragg--Brentano geometry with Cu Kα radiation and combined with an Anton Paar TTK-450 hot stage. The sample chamber was evacuated to ∼10^--3^ mbar (∼0.1 Pa). The sample temperature was controlled with a TCU-100 temperature control unit to a precision of within ±1 °C. The sample was heated or cooled at a rate of 0.5 °C s^--1^ to the set-point temperature, at which it was held for 300 s before measurement in order to ensure thermal equilibrium. Low-temperature powder XRD patterns were recorded with a Huber G670 diffractometer combined with a closed-cycle refrigerator and operating in the Guinier geometry with Cu Kα~1~ radiation. The sample chamber was evacuated to ∼10^--3^ mbar (∼0.1 Pa). A room-temperature neutron diffraction pattern (wavelength 1.667 Å) was collected on one sample of mass 5 g at the PEARL beamline at the Reactor Institute Delft.^[@ref22]^ All data were analyzed using the GSAS software.^[@ref23]^

High-temperature Seebeck coefficient and electrical conductivity measurements were performed simultaneously using a Linseis LSR-3 apparatus. Thermal diffusivity (*D*~t~) was measured by the laser flash method using a Linseis LFA1000 apparatus equipped with an InSb detector in a He atmosphere from 300 to 773 K. Up to five data points of *D*~t~ were merged after evaluating the quality of the fitted model^[@ref24]^ and excluding outliers at each temperature step of 50 °C, starting from 50 °C up to 500 °C. Thermal conductivity was calculated using the formula κ = *D*~t~ × *d* × *C*~p~. Here the density *d* was calculated from the mass and volume of the sample determined by the Archimedes principle. The Dulong--Petit approximation was used for the specific heat capacity *C*~p~, which is known to be a good estimate for TAGS and other telluride materials, within the large experimental uncertainties that result from fitting baselines in *C*~p~ measurements.^[@ref16],[@ref25]^ Calculated ZT values exhibit an uncertainty of ∼20%.

The nanostructure of the samples was studied by transmission electron microscopy (TEM). Samples were sliced and glued inside brass tubes of 3 mm diameter and cut into TEM sample disks. The disks were then ground, dimpled, and ion milled using a Gatan PIPS II at 6° with an accelerating voltage that was ramped from 4 to 0.2 kV to achieve electron transparency. TEM images and electron diffraction patterns were obtained using JEM 2010 and JEM 2010F microscopes operated at 200 kV. The chemical compositions of the samples were investigated using energy-dispersive X-ray spectroscopy (EDX) in the TEM, using a Si(Li) detector. Cliff--Lorimer fitting without absorbance was performed with the NSS 2.3 software (Thermo Scientific) to obtain accurate composition information. In some cases, samples were prepared by a FIB (focused ion beam) technique. TEM images and electron diffraction patterns were then produced with a Tecnai G2 F30 S-Twin microscope at an accelerating voltage of 300 kV.

Results and Discussion {#sec3}
======================

1. Synthesis and Room-Temperature Structure {#sec3.1}
-------------------------------------------

The way in which a sample is initially cooled from the melt determines its purity at room temperature and also how its thermoelectric properties evolve with subsequent thermal cycling. We systematically tested many different cooling protocols and found that pure, homogeneous R-phase samples can only be obtained by holding the sample for 3 h or more at an intermediate temperature of 600 °C during the initial cooling procedure. The single-phase nature of such samples is evidenced by a well-defined doublet between 2θ = 42° and 44° in the partial XRD pattern shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a (measured for a sample held for 3 h at 600 °C). The splitting between these 211 and 101̅ reflections is proportional to the deviation of the rhombohedral unit cell angle from 60° (which would correspond to the cubic rocksalt structure). We note that the individual peaks appear as doublets because their widths are close to the instrumental resolution, allowing splitting from the Cu Kα~1~ and Kα~2~ components of the X-ray beam to be visible. The XRD pattern of this sample could be fitted using the structural model of rhombohedral GeTe with the space group *R*3*m*. The Ge/Ag/Sb atoms occupy the 1*a* Wyckoff position with fixed coordinates of (0,0,0), and the Te atoms occupy the 1*a* position with refined coordinates of (*x*,*x*,*x*), where *x* = (0.5 + δ). The peak shapes were modeled using a pseudo-Voigt function, but on close inspection significant anisotropic broadening was observed. The addition of anisotropic microstrain broadening parameters following the Stephens model^[@ref26]^ as incorporated in the GSAS software significantly improved the fit (wRp decreased from 0.139 to 0.106), but the shapes of some of the broader peaks remained imperfectly fitted ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c). The chemical composition of the sample was determined by EDX analysis and is listed in Table S2 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), showing that the composition does not deviate significantly from the nominal stoichiometry of TAGS-85.

![Partial room-temperature XRD patterns showing the region between 2θ = 41.8° and 43.8° for TAGS-85 samples synthesized using different cooling methods. (a) Intermediate annealing at 600 °C for 3 h gives a single rhombohedral phase. (b) Omitting the intermediate annealing step gives a multiphase sample; the XRD pattern was fitted using three rhombohedral phases with slightly different lattice parameters. Black data points and red curves represent the measured and fitted diffraction patterns, respectively. The lower tick marks indicate calculated peak positions.](ic-2017-02433h_0001){#fig1}

![Structural properties of the R-phase of TAGS-85. (a--c) Selected XRD peaks of an as-synthesized, single-phase sample fitted without (red curve) and with (blue curve) the anisotropic microstrain broadening model. (d, e) Bright-field TEM images for the as-synthesized R-phase. (f) \[11̅0\] zone axis SAED pattern obtained from the single-domain, V-shaped area marked by the white circle in part e. In order to more easily relate the XRD peak widths to the nanodomain structure, all Miller indices refer to the cubic rocksalt unit cell.](ic-2017-02433h_0002){#fig2}

The anisotropic XRD peak broadening is most likely a consequence of the herringbone twin domain pattern that is apparent in the bright-field TEM images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d,e. Such domain structures have previously been observed both in GeTe and TAGS-*x* and result from the cubic--rhombohedral transition.^[@ref8],[@ref19],[@ref21],[@ref27],[@ref28]^ The rhombohedral distortion involves an elongation of the cubic rocksalt unit cell along any of the four ⟨111⟩ directions due to coherent relative shifts of the Ge/Sb/Ag and Te sublattices in this direction, often referred to as a Peierls distortion.^[@ref29]^ The resulting strain is accommodated by formation of a high density of stripe-like twin domains with widths in our case of ∼50 nm. Because the R-phase has polar symmetry, a pair of inversion twins is also formed for each of the four domains, corresponding to opposite relative substructure shifts along \[111\]. By analogy with GeTe, the twin boundaries comprising the herringbone pattern are likely to be {100} and {110} planes, where the {100} boundaries tend to be longer.^[@ref28]^ In our XRD pattern, the 200 and 400 reflections (referred to the pseudocubic rocksalt unit cell) are sharpest while the 311, 222, and 422 reflections are broadest ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c). This is consistent with a domain pattern where the longest structural coherence is parallel to the "long" {100} domain walls. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f shows a \[11̅0\] zone axis selected area diffraction (SAED) pattern obtained from the single-domain area marked by the white circle in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e. The measured angle between the cubic (002) and (220) planes is ∼88°, consistent with a distortion from cubic symmetry as observed by XRD.

An XRD pattern was also collected at 20 K and showed a slightly smaller unit cell angle (stronger rhombohedral distortion) but essentially the same pattern of peak broadening. The refined crystallographic data for the R-phase at both room temperature and 20 K are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and the fitted room-temperature XRD profile is shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S1a.

###### Crystallographic Data for Rietveld Refinements of TAGS-85 at 295 and 20 K (Space Group *R*3*m* (No. 160))

                                                temperature            
  --------------------------------------------- ---------------------- ----------------------
  lattice params                                *a* = 4.26992(9) Å     *a* = 4.26514(13) Å
                                                α = 59.125(1)°         α = 58.846(1)°
  cell volume (Å^3^)                            53.951(2)              53.418(3)
  X-ray density (g cm^--3^)                     6.500                  6.565
  Ge/Ag/Sb coordinates                          (0,0,0)                (0,0,0)
  Ge/Sb/Ag *U*~iso~ (Å^2^)                      0.075(2)               0.0494(13)
  Te coordinate (*x*,*x*,*x*)                   0.5171(5)              0.5192(5)
  Te *U*~iso~ (Å^2^)                            0.058(2)               0.0168(6)
  Stephens anisotropic peak broadening params   *S*~400~ = 1.07(9)     S~400~ = 2.61(8)
                                                *S*~220~ = 1.47(8)     *S*~220~ = 4.52(9)
                                                *S*~310~ = --1.05(5)   *S*~310~ = --3.05(4)
                                                *S*~211~ = 0           S~211~ = 0
  wRp                                           0.106                  0.012
  *R*(*F*^2^)                                   0.0679                 0.138

Single-phase samples could not be obtained after holding at 600 °C for less than 3 h on initial cooling, or after holding at a lower intermediate temperature. In such cases, the powder XRD patterns of the resulting samples could only be satisfactorily fitted using multiple rhombohedral phases with slightly different lattice parameters. A typical partial XRD pattern is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b for a sample that was cooled from the melt to 500 °C over 4 h and then directly quenched, where a fit to the doublet of 211 and 101̅ reflections using three rhombohedral phases is shown. The full fitted XRD profile for this sample is shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S1b. The absence of a sufficient annealing step on initial cooling thus leads to inhomogeneous samples, perhaps with a distribution of different chemical compositions or vacancy concentrations across the ingot. It should be noted that in some literature studies of TAGS-85 the samples were prepared by direct quenching from the liquid phase,^[@ref14],[@ref15]^ and in several cases the XRD patterns are characteristic of samples with multiple phases or chemical composition gradients.^[@ref12],[@ref14],[@ref15],[@ref21]^

2. High-Temperature Structural Properties {#sec3.2}
-----------------------------------------

XRD data were collected while heating a single R-phase sample. New reflections appear at 200 °C, indicating the growth of a second phase that coexists with the R-phase ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The intensities of the new peaks are largest between 260 and 320 °C before declining with further heating and disappearing above 380 °C. The peaks of the new phase at 280 °C could be indexed in a trigonal unit cell with lattice parameters *a* = 4.2333(7) Å, *c* = 69.895(17) Å. Here we note that the R-phase of TAGS-85 can be described in an equivalent hexagonal unit cell in which six alternating Te and Ge/Ag/Sb layers are stacked along \[001\] (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S2). The corresponding hexagonal unit cell parameters at 280 °C are *a* = 4.2470(9) Å, *c* = 10.4735(9) Å. The *c*-lattice parameter of the trigonal phase would then correspond to ∼40 alternating Te and Ge/Ag/Sb layers. A structural model comprising 20 cation layers and 20 anion layers was built using space group *P* 3̅*m*1. While fitting the XRD pattern, the layers were initially spaced equally. Refinement of the Te *z*-coordinates was then carried out using a set of soft constraints to keep the (Ge/Ag/Sb)-Te bond distances within the range 2.8--3.2 Å; the average bond distance in the R-phase is 3.0 Å. Due to the large number of parameters, the Ge/Ag/Sb sublattice was kept fixed. It is known that GeTe-based materials can easily accommodate cation vacancies.^[@ref5]^ Furthermore, weak peaks corresponding to the known phase Ag~8~GeTe~6~ with the argyrodite structure^[@ref30]^ appeared in the XRD patterns above 200 °C together with the trigonal phase ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This suggests that a spontaneous net precipitation of cations from the TAGS-85 matrix occurs. We therefore explored the possibility of ordered cation vacancies in the 40-layer trigonal structure and obtained a significant improvement in fit when the cations on the 1*b* (0,0,1/2) site were removed. Our model fits the peak intensities reasonably well ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf) Figure S3a), although the remaining degree of mismatch suggests that it may not be fully accurate. The extensive peak overlap in this mixed-phase sample and the large number of structural parameters prevent further analysis of the current data. Nevertheless, our tentative structure solution is presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, and the structure is shown schematically in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. We hereafter refer to this structure using the Ramsdell notation 39P,^[@ref31]^ where P corresponds to a primitive unit cell. It is rather similar to the 39R structure of Ge~3~SnSb~2~Te~7~, which also contains a cubic ABCABC layer stacking sequence with van der Waals gaps at the missing cation layers.^[@ref32]^

![High-temperature structural properties of TAGS-85. (a) XRD patterns collected on initial heating of an as-synthesized single-phase sample. Reflections marked by "W" are assigned to parasitic tungsten Kα radiation from the X-ray tube. Arrows indicate reflections from the 39P phase. (b) Close-up view of the 2θ = 41--45° region of XRD patterns of the as-synthesized R-phase measured at 20 °C (blue), C-phase measured at 400 °C after initial heating (red), and mixed R + 39P + AGT measured at 20 °C after four heating/cooling cycles. (c) *ac*-Plane view of 39P crystal structure showing two unit cells along *a*. The red dashed line indicates a vacant cation layer.](ic-2017-02433h_0003){#fig3}

###### Refined Structural Parameters of 39P Phase of TAGS-85 at 280 °C[a](#tbl2-fn1){ref-type="table-fn"}

  atom             site   *x*   *y*   *z*         site occupancy         *U*~iso~ (Å^2^)
  ---------------- ------ ----- ----- ----------- ---------------------- -----------------
  Ge1/Ag1/Sb1      1*a*   0     0     0           0.7391/0.1304/0.1304   0.086(5)
  Te2              2*d*   1/3   2/3   0.0250(7)   1                      0.016(3)
  Ge3/Ag3/Sb3      2*d*   2/3   1/3   0.05        0.7391/0.1304/0.1304   0.086(5)
  Te4              2*c*   0     0     0.0756(6)   1                      0.016(3)
  Ge5/Ag5/Sb5      2*d*   1/3   2/3   0.10        0.7391/0.1304/0.1304   0.086(5)
  Te6              2*d*   2/3   1/3   0.1268(6)   1                      0.016(3)
  Ge7/Ag7/Sb7      2*c*   0     0     0.15        0.7391/0.1304/0.1304   0.086(5)
  Te8              2*d*   1/3   2/3   0.1766(6)   1                      0.016(3)
  Ge9/Ag9/Sb9      2*d*   2/3   1/3   0.20        0.7391/0.1304/0.1304   0.086(5)
  Te10             2*c*   0     0     0.2267(5)   1                      0.016(3)
  Ge11/Ag11/Sb11   2*d*   1/3   2/3   0.25        0.7391/0.1304/0.1304   0.086(5)
  Te12             2*d*   2/3   1/3   0.2755(6)   1                      0.016(3)
  Ge13/Ag13/Sb13   2*c*   0     0     0.30        0.7391/0.1304/0.1304   0.086(5)
  Te14             2*d*   1/3   2/3   0.3272(7)   1                      0.016(3)
  Ge15/Ag15/Sb15   2*d*   2/3   1/3   0.35        0.7391/0.1304/0.1304   0.086(5)
  Te16             2*c*   0     0     0.3804(5)   1                      0.016(3)
  Ge17/Ag17/Sb17   2*d*   1/3   2/3   0.40        0.7391/0.1304/0.1304   0.086(5)
  Te18             2*d*   2/3   1/3   0.4293(7)   1                      0.016(3)
  Ge19/Ag19/Sb19   2*c*   0     0     0.45        0.7391/0.1304/0.1304   0.086(5)
  Te20             2*d*   1/3   2/3   0.4798(6)   1                      0.016(3)

Space group *P*3̅*m*1 (No. 164), *a* = 4.2333(7) Å, *c* = 69.895(17) Å, wRp = 0.276, *R*(*F*^2^) = 0.210.

The unit cell angle of the R-phase gradually increases on heating from room temperature ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). When the angle reaches 60° at 380 °C, the unit cell can be described as cubic (C) with space group *Fm*3̅*m* and *a* = 6.0293(2) Å. The 39P peaks rapidly diminish above 320 °C and have fully disappeared at 380 °C along with the Ag~8~GeTe~6~ peaks, implying that the precipitate redissolves into the TAGS-85 phase. In the C-phase, the rhombohedral 211/101̅ doublet has become fully merged into a single symmetric peak, indexed as 400 in the cubic cell ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![(a, b) Temperature dependence of volume fractions of 39P (black △) and AGT (red/blue ●) phases on initial heating and subsequent cooling, respectively. The shaded areas of the plots indicate the temperature regions in which 39P coexists with the C-phase (in which the unit cell angle is 60°). (c) Evolution of unit cell angle of R-phase on initial heating (top) and subsequent cooling (bottom).](ic-2017-02433h_0004){#fig4}

On subsequent cooling, the 39P phase reappears at 300 °C together with the Ag~8~GeTe~6~ precipitate and initially coexists with the C-phase. Splitting of the C-phase 400 peak indicates that the C-phase becomes rhombohedral below 220 °C, and the sample once cooled to room temperature consists of a mixture of R, 39P, and Ag~8~GeTe~6~. The presence of Ag~8~GeTe~6~ was confirmed in a thermally cycled sample by high-angle annular dark-field imaging, where precipitates of micron size were observed (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf) Figure S3d). The evolution of the refined phase fractions and the R-phase unit cell angle on cooling are plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c, respectively; in these refinements the atomic coordinates of the 39P phase were fixed to the solution obtained at 280 °C on initial heating. Further thermal cycling reverses these transitions, which take place at ∼50 °C higher on heating than on cooling. However, the pure R-phase is never recovered, and it always coexists with 39P down to room temperature after the initial heating cycle, giving a characteristic broad XRD profile at the position of the 211/101̅ doublet ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). EDX data were collected on a thermally cycled sample and showed that no significant change in chemical composition had occurred ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). We also performed neutron diffraction at 20 °C on a sample that had undergone one heating and cooling cycle and thus contains an approximately 1:1 ratio by volume of R and 39P phases ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The neutron data have lower angular resolution than the XRD data and hence a greater degree of peak overlap; thus, the phase fractions were fixed at those determined from the XRD data collected at 30 °C after one thermal cycle, and the atomic coordinates were not refined. As shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S3b, the fit is satisfactory, confirming that the R + 39P + Ag~8~GeTe~6~ structural model obtained from the XRD data is reasonable. The phase transitions of TAGS-85 that occur on thermal cycling are summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a.

![Diagram showing the phase transitions of TAGS-85 samples cooled from the melt with (a) intermediate annealing step of ≥3 h at 600 °C and (b) no annealing step. Transitions are shown for the initial heating cycle and subsequent thermal cycling. The labels R, 39P, and C denote different TAGS-85 polymorphs (see main text for details). AGT denotes the Ag~8~GeTe~6~ impurity phase. Solid horizontal lines indicate phase transition temperatures determined within an uncertainty of ±10 °C, dashed horizontal lines denote borders of a heating/cooling hysteresis region (shaded area) determined within an uncertainty of ±10 °C, and dotted horizontal lines indicate phase transition temperatures or borders of a hysteresis region with a larger uncertainty than ±10 °C due to lack of data. These horizontal lines are color-coded: red = transition on heating only; blue = transition on cooling only; black = transition on heating and cooling.](ic-2017-02433h_0005){#fig5}

The evolution of the phase fractions plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b suggests that the 39P and Ag~8~GeTe~6~ phases are closely linked to each other. It is likely that the appearance of the cation-deficient 39P phase is driven by the net precipitation of cations from the TAGS-85 matrix associated with Ag~8~GeTe~6~. We note that Ag~8~GeTe~6~ as a second phase has been observed by TEM and XRD at room temperature in previous studies of TAGS-85 and TAGS-80 samples.^[@ref12],[@ref21]^ Although no correlation with the formation of any layered phase such as 39P was reported, such a phase could easily be overlooked if the evolution of the whole XRD pattern, including peak shapes, is not examined carefully. Similar layered phases with long *c*-axes have been observed in the (GeTe)~*n*~Sb~2~Te~3~ family of materials (commonly known as GST), which are related to TAGS-*x*.^[@ref33]^ For example, Ge~2~Sb~2~Te~5~, Ge~1~Sb~4~Te~7~, Ge~1~Sb~2~Te~4~, and Ge~3~Sb~2~Te~6~ adopt trigonal structures consisting of 9, 12, 21, and 33 alternating anion and cation layers, respectively.^[@ref33]−[@ref35]^ Analogous phase transitions have also been reported for GST materials doped with In, Co, and Sn.^[@ref9],[@ref36],[@ref37]^

We also followed the structural evolution of an as-synthesized multiphase rhombohedral sample on thermal cycling ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S4). The phase behavior is qualitatively similar to that of the pure R-phase and is summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. The XRD peaks become sharper after the first heating and cooling cycle suggesting that the sample becomes more homogeneous after effectively being annealed, but as discussed below the thermoelectric properties remain inferior.

3. Thermoelectric Properties {#sec4}
----------------------------

The Seebeck coefficient and electrical conductivity of an as-synthesized single-phase rhombohedral sample were measured over three thermal cycles between room temperature and 500 °C ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). The thermal diffusivity of a second slice of the same ingot was also measured over three thermal cycles (the thermal conductivity is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). Both slices had densities 94--95% of that calculated from XRD data. The ZT plot shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e was obtained by combining the data from the two slices.

![Thermoelectric properties of TAGS-85 over three thermal cycles. (a) Absolute Seebeck coefficient *S*, (b) electrical conductivity σ, and (c) power factor (PF). (d) Total thermal conductivity (κ) of a second sample cut from the same ingot. The electronic thermal conductivity of the first sample is also shown. (e) ZT obtained by combining data from samples 1 and 2.](ic-2017-02433h_0006){#fig6}

An anomaly in the electrical conductivity and a maximum in the thermal conductivity are apparent at ∼200 °C in the first heating cycle, which corresponds to the initial appearance of the 39P and Ag~8~GeTe~6~ phases ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). None of the measured properties show any signature of the second transition at 380 °C where the gradually increasing unit cell angle of the R-phase reaches 60° and the 39P and Ag~8~GeTe~6~ phases disappear. However, in subsequent consecutive heating and cooling cycles, hysteresis is observed in the electrical conductivity between 130 and 220 °C. Because the 39P phase and Ag~8~GeTe~6~ appear/disappear at 300 °C or above, the hysteresis is probably not associated with any phase transition but rather with the rapidly changing unit cell angle of the R-phase in this temperature range (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). The changing rhombohedral distortion will lead to a constantly evolving degree of strain due to lattice mismatch at domain walls, which will in turn likely lead to changes in the nanostructure. Domain rearrangement would likely involve a slow, diffusion-controlled process. The Seebeck coefficient increases smoothly over the entire temperature range to reach ∼175 μV K^--1^ at 500 °C and barely changes with thermal cycling. This is on the lower side of the distribution of values in previous reports (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Table S1). Conversely, the electrical conductivity is considerably higher than in all previous reports, giving a power factor that reaches 0.0035 W m^--1^ K^--2^ at 500 °C ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), the highest yet reported for undoped TAGS-85. We checked the reproducibility of our results by measuring other slices of the same ingot. The greatest variability was found in the electrical conductivity; the values in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b can be considered average in this respect, and the power factor of 0.0035 W m^--1^ K^--2^ at 500 °C has a variability of ±0.0007 W m^--1^ K^--2^ between different slices of the same ingot. The significant differences in electrical conductivity between different samples might be attributable to varying concentrations of microcracks or pores in the samples. Nevertheless, it is clear that annealing at 600 °C on initial cooling from the melt gives an *average* power factor among different samples that is significantly higher than all literature reports to date.

The thermal conductivity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d) exhibits a broad maximum of up to ∼2.6 W m^--1^ K^--1^ on both heating and cooling in the vicinity of the R--C transition. The thermal conductivity of ∼2.1--2.3 W m^--1^ K^--1^ at 500 °C was consistent between different samples and represents a value that is ∼25% higher than in previous reports, which can be attributed to the higher electrical conductivity. The electronic thermal conductivity κ~e~ was calculated for sample 1 from the data in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b using the Wiedemann--Franz law κ~e~/σ = *LT*, where the Lorenz number as a function of temperature was obtained from the relationship *L* = 1.5 + exp(−\|*S*\|/116) as proposed by Kim et al. for nondegenerate semiconductors^[@ref38]^ ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S5). The data plotted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d imply that the lattice thermal conductivity κ~l~ is in the range 0.7--1.0 W m^--1^ K^--1^, in agreement with that reported by Zhu et al.^[@ref17]^ It is noticeable that κ~total~ is slightly lower on initial heating, despite σ being higher. This implies a significant increase in κ~l~ after the first heating cycle, which is likely due to a change in domain structure and requires further investigation. We also note that, as in previous reports, κ~total~ does not increase on entering the cubic regime above 400 °C. Here only antiphase domain boundaries should remain if the symmetry is truly cubic. However, previous studies of GeTe using local X-ray and neutron scattering techniques have shown that the Peierls distortion remains in the high-temperature cubic phase, with domain sizes of the order of two unit cells.^[@ref20],[@ref39]^ This might also be the case in TAGS-85 and explain why κ~total~ remains low in the C-phase.

The good power factors of our samples are somewhat countered by the relatively high thermal conductivity, leading to a dimensionless figure of merit ZT of ∼1.3 at 500 °C that is robust with respect to thermal cycling ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). This is similar to the ZT values reported for samples in the literature with lower electrical conductivity (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Table S1). We note that we have made no attempt to artificially nanostructure our samples, as for example could be attempted by spark plasma sintering. Therefore, there is likely to be scope for increasing ZT significantly.

The temperature dependent thermoelectric properties of a multiphase sample are shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Figure S6. The Seebeck coefficient and electrical conductivity are ∼10% lower over most of the temperature range, probably due to the structural inhomogeneity of this sample. This leads to a power factor of 0.0024 W m^--1^ K^--2^ at 400 °C that does not improve on subsequent thermal cycling, which is lower than most literature reports on TAGS-85 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf), Table S1). The thermal conductivity is ∼2.0 W m^--1^ K^--1^ after the initial heating cycle, which is slightly greater than the values of 1.4--1.9 W m^--1^ K^--1^ reported in the literature because the electrical conductivity remains relatively high. Therefore, the ZT value from the combined data is rather low, reaching 0.8 at 400 °C. This result illustrates the importance of good structural homogeneity for the thermoelectric performance of TAGS-85, which can be ensured by annealing at 600 °C on initial cooling from the melt.

Conclusions {#sec5}
===========

We find that the phase transitions that occur in TAGS-85 with temperature are much more complex than previously thought. The room-temperature rhombohedral phase is partially transformed to a new trigonal structure containing ordered layers of cation vacancies above 200 °C. This occurs together with the spontaneous precipitation of 1--2% by volume of the cation-rich phase Ag~8~GeTe~6~. The previously reported high-temperature cubic polymorph is reached above 380 °C, where Ag~8~GeTe~6~ redissolves in the TAGS-85 matrix. On subsequent cooling the trigonal layered phase and the Ag~8~GeTe~6~ precipitate reappear and coexist with the rhombohedral polymorph down to room temperature. The trigonal phase and the Ag~8~GeTe~6~ precipitates are observed in all the samples that we have investigated and therefore cannot be responsible for the variability in thermoelectric properties that we find between our own TAGS-85 samples and those in the literature. However, the question of how the trigonal phase influences the microstructure/nanostructure of TAGS-85 and hence the lattice thermal conductivity as a function of temperature is an interesting question that should be investigated in future studies.

We also show that an annealing step at 600 °C during the initial cooling procedure from the melt is essential to obtain single-phase rhombohedral samples of TAGS-85. The electrical conductivity of these homogeneous, annealed samples is considerably higher than in all previous reports on TAGS-85. There is no detrimental effect on the Seebeck coefficient, which results in a record high power factor for undoped TAGS-85 of 0.0035 W m^--1^ K^--2^ at 500 °C that is maintained on repeated thermal cycling. The electronic thermal conductivity is also increased, giving a ZT of ∼1.3 at 500 °C which is in line with the best literature values. Faster cooling procedures give inhomogeneous samples containing multiple rhombohedral phases with a distribution of lattice parameters. These samples exhibit inferior Seebeck coefficients and electric conductivity, with ZT values consequently \<1.0. Our work thus provides a guide to maximize the power factor of TAGS-85 by ensuring good structural coherence, which might be further increased by doping. Furthermore, artificial nanostructuring of these high power factor samples should lead to even better thermoelectric performance.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.inorgchem.7b02433](http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b02433).Comparison of thermoelectric properties of TAGS-85 literature samples, chemical composition analysis of samples, fitted XRD and neutron diffraction patterns of as-prepared and thermally cycled samples, relationship between rhombohedral and hexagonal/trigonal settings of the R unit cell, TEM and SAED images of thermally cycled sample, high-temperature XRD patterns of multiphase sample, and thermoelectric properties of multiphase sample ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02433/suppl_file/ic7b02433_si_001.pdf))
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